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INTRODUCTION 


PROBLEM 

Frozen  storage  of  packed  red  blood  cells  (pRBCs)  increases  the  35  day 
shelf  life  of  liquid  storage  to  several  years,  thereby  decreasing  the  wastage 
of  unused  blood  and  increasing  the  availability  of  rare  blood  types.  These 
frozen  pRBC  units  are  currently  thawed  in  a  warm  water  bath,  a  practice  which 
has  been  reported  to  contaminate  a  small  percentage  of  units  (U.S.  Dept,  of 
Health,  Education  and  Welfare,  1976b;  Szymanski  and  Carrington,  1977;  U.S. 
Dept,  of  Health,  Education  and  Welfare,  1979).  A  dry  thawing  method  would 
eliminate  the  contamination  risk  encountered  when  using  water  baths. 

One  potential  dry  heat  source  is  microwave  energy.  However,  before  micro- 
wave  thawing  can  be  used  clinically,  its  effects  upon  the  structure  and  func¬ 
tion  of  red  blood  cells  (RBCs)  must  be  thoroughly  examined.  The  goal  of  this 
study  is  to  determine  the  feasibility  of  using  microwave  energy  as  a  dry  thaw 
method  for  frozen  pRBCs . 

BACKGROUND 

Blood  banking,  the  collection  and  storage  of  blood  for  later  use,  pro¬ 
vides  quick  access  to  a  treatment  for  persons  suffering  from  a  loss  of  blood 
or  a  blood-related  disease.  The  history  of  blood  banking  reveals  a  continuing 
quest  for  methods  to  increase  the  shelf  life  of  stored  blood.  The  first  step 
toward  this  goal  was  the  discovery  of  an  anticoagulant  to  prevent  blood  clot¬ 
ting  before  transfusion.  In  1914,  Mustin  used  citrate  to  prevent  coagulation 
of  drawn  blood  which  was  transfused  within  minutes  into  a  patient.  Rous  and 
Turner,  in  1916,  discovered  the  value  of  adding  glucose  as  an  energy  source  in 
extending  the  life  span  of  stored  whole  blood.  Acidification  of  the  citrate 
dextrose  mixture  was  shown  by  Maizels  in  1940  to  double  the  shelf  life  of 
stored  whole  blood  (Hurn,  1968).  Currently,  the  addition  of  various  nucleo¬ 
sides  to  the  anticoagulant  has  been  shown  to  greatly  preserve  RBC  metabolism, 
and  increase  the  shelf  life  of  RBCs  stored  at  4°C  (Simmons,  1968;  Valeri, 
1974a;  1976;  Valeri  et  al.,  1977;  1979). 

A  unit  of  whole  blood  can  be  separated  into  various  therapeutic  compo¬ 
nents  including  pRBCs,  white  blood  cells  (WBCs),  plasma,  platelets,  and  plasma 
proteins  (albumin,  gamma  globulin,  clotting  factors,  and  fibrinogen) 
(Rapaport,  1971).  The  individual  components  are  either  transfused  immediate¬ 
ly,  stored  in  a  liquid  state,  or  stored  in  a  frozen  state.  The  use  of  blood 
components  maximizes  the  benefits  obtained  from  a  single  unit  of  blood  and 
decreases  the  risk  of  transfusion  reactions  (adverse  reactions  by  the  patient 
to  the  transfused  component,  usually  because  of  blood  group  incompatibilities) 
(Valeri,  1975).  Transfusion  of  blood  components  has  largely  replaced  transfu¬ 
sion  of  whole  blood  in  modern  hospitals.  For  example,  a  common  need  in  trans¬ 
fusion  therapy  is  to  enhance  the  blood's  oxygen-carrying  ability.  Packed  RBCs 
are  often  used  for  the  treatment  of  patients  with  chronic  anemia  and  conges¬ 
tive  heart  failure,  and  for  surgical  patients  both  before  and  after  surgery 
(Williams ,  1972)  . 
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Frozen  storage,  first  attempted  by  Luyet  in  1949  (Turner,  1970),  in¬ 
creased  the  shelf  life  of  blood  components  from  21  days  in  a  liquid  state  at 
4°C  to  3  years,  frozen  at  -65°C  (American  Association  of  Blood  Banks,  1977). 
The  main  advantages  of  freezing  blood  for  storage  are  as  follows : 

1.  All  blood  groups  and  types,  including  rare  types,  become  more 
available ; 

2.  Autotransfusion  (transfusion  of  the  patient's  own  blood,  drawn 
earlier  and  stored)  decreases  the  chance  of  transfusion  reactions; 

3.  patients  undergoing  organ  transplantation  have  a  decreased  risk  of 
tissue  rejection  because  of  the  few  WBCs  associated  with  frozen-stored  RBCs; 

4.  Wastage  due  to  the  outdating  of  liquid-stored  blood  is  less; 

5.  Component  therapy  is  enhanced  by  the  purity  of  the  frozen  RBC, 
plasma,  WBC,  or  plasma  protein  units;  and 

6.  Transfer  of  serum  hepatitis  is  decreased  (NRC,  Div.  of  Medical  Sci¬ 
ences,  1973). 

The  military  community  especially  benefits  from  the  use  of  frozen  blood 
in  combat  since: 

1.  combat-zone  blood  banks  often  receive  blood  10-12  days  post¬ 
collection; 

2.  Demands  for  blood  are  sporadic,  creating  excessive  outdating  of 
liquid-stored  blood  accompanied  by  occassional  severe  shortages; 

3.  Rare  types,  for  example  Rh-negative,  are  limited  in  the  field;  and 

4.  Donations  in  the  field  are  difficult  to  obtain,  and  donors  are  often 
unsatisfactory  (Moss  et  al . ,  1968). 

Problems  associated  with  freezing,  such  as  (1)  cellular  dehydration  and 
mechanical  damage  to  the  membrane  due  to  ice  crystal  formation,  and  (2)  pro¬ 
tein  denaturation  from  high  salt  concentrations,  are  encountered  in  the  slow 
freezing  of  cellular  blood  components  (Luyet,  1965;  Mazur,  1965;  Rapatz  and 
Luyet,  1973).  Slow  freezing,  placing  the  cellular  component  in  a  mechanical 
freezer  at  -80°C,  creates  large  ice  crystals  extracellular ly  and  high  concen¬ 
trations  of  solutes  intracellularly,  denaturing  the  proteins. 

Fast  freezing,  immersion  of  the  blood  in  liquid  nitrogen  (-197°C)  for 
five  minutes  and  storage  in  gas  phase  liquid  nitrogen  at  -150°C,  eliminates 
many  of  the  problems  associated  with  slow  freezing.  The  fast  freeze  allows 
only  small  ice  crystals  to  form,  minimizing  the  potential  for  mechanical  dam¬ 
age.  And,  by  quickly  freezing  the  intracellular  proteins  into  a  physically 
inert  state,  denaturation  is  prevented  in  the  hostile  environment  of  high  salt 
concentrations.  However,  the  fast  freezing  method  has  limitations  which  make 
it  undesirable  for  routine  use: 


1 .  The  specimens  must  be  frozen  in  thin  layers  to  increase  the  freezing 
rate  of  all  cells? 

2.  The  frozen  specimens  must  be  thawed  very  rapidly?  and 

3.  Liquid  nitrogen  storage  is  expensive. 

Cryoprotective  agents,  such  as  glycerol,  have  been  routinely  added  during 
slow  freezing  to  minimize  the  formation  of  ice  crystals  and  the  denaturation 
of  proteins.  Unfortunately,  intracellular  glycerol  can  cause  cells  to  swell 
and  burst  when  placed  in  vivo.  The  glycerol,  therefore,  must  be  washed  out  of 
the  cells  before  transfusion. 

Thawing  the  frozen  blood  components  presents  problems  similar  to  those 
encountered  in  freezing.  Slow  thawing  allows  recrystallization  of  small  ice 
crystals  into  larger,  damaging  ice  crystals.  Also,  proteins  are  exposed 
longer  to  high  solute  concentrations  while  they  are  in  a  physically  pliable 
(denaturable)  state.  The  cryoprotectant  aids  in  decreasing  detrimental 
effects  of  slow  thawing.  Fast  thawing  eliminates  many  of  the  adverse  effects 
of  slow  thawing,  but  nonuniform  heating  can  cause  hot  spots  where  portions  of 
the  sample  can  be  overheated  and  destroyed. 

Currently,  blood  banks  use  glycerol  as  a  cryoprotectant  and  use  slow 
freeze,  slow  thaw  methods.  Approximately  450  ml  of  donated  whole  blood  are 
added  to  63  ml  of  anticoagulant,  citrate  phosphate  dextrose  adenine  (CPDA-1 ) . 
The  whole  blood  is  centrifuged  and  most  of  the  supernatant  plasma  is  removed, 
leaving  pRBCs  with  hematocrit  between  60  and  80%,  and  a  volume  between  250  and 
300  ml. 

Packed  cells  to  be  frozen  must  be  stored  less  than  six  days  at  4°C. 
These  cells  are  prepared  for  freezing  by  adding  approximately  300  to  400  ml  of 
57%  (grams  per  100  ml  solution)  glycerol.  The  glycerolized  RBCs  ( gRBCs )  are 
transferred  to  a  3-liter  plastic  bag  which  is  placed  in  a  metal  or  cardboard 
container  and  is  then  placed  in  a  mechanical  freezer  between  -65°C  and  -80°C. 
The  current  FDA  regulations  allow  a  maximum  of  three  years  storage  of  pRBCs  in 
the  frozen  state,  though  storage  for  over  10  years  has  been  shown  to  be  suc¬ 
cessful  ( AABB,  1977).  When  a  unit  is  needed  for  transfusion,  it  is  removed 
from  the  freezer  and  placed  in  a  warm  water  bath  ( 370C )  until  it  is  thawed  (10 
to  20  minutes).  The  glycerol  must  then  be  washed  out  of  the  thawed  blood. 
Washing  is  automated,  using  serial  centrifugation  of  the  cells  with  varying 
concentrations  of  NaCl  solutions.  Following  wash,  the  cells  are  resuspended 
in  a  solution  of  0.9%  NaCl  with  0.2%  dextrose. 

In  the  recent  past,  bacterial  contamination  of  a  unit  of  blood  has  some¬ 
times  resulted  in  serious,  even  fatal,  transfusion  reactions.  Contamination 
was  usually  caused  by  frequent  entering  and  sampling  of  the  unit,  by  bactere- 
mic  donors,  or  by  improper  phlebotomy  techniques  (U.S.  Dept,  of  Health,  Educa¬ 
tion  and  Welfare,  1976c).  In  1951,  the  Bureau  of  Biologies  (FDA)  imposed  the 
current  "24  hour  rule,"  which  specifies  that  once  the  unit  of  blood  has  been 
entered,  the  blood  must  be  transfused  or  discarded  within  24  hours.  Within 
this  24  hour  period,  the  unit  of  blood  is  considered  safe  for  transfusion. 


The  24  hour  rule  has  met  with  controversy  since  it  severely  limits  the 
use  of  frozen  blood  and  causes  much  wastage  of  thawed,  unused  units  (U.S. 
Dept,  of  Health,  Education  and  Welfare,  1976c;  19771;  1977b;  1978;  U.S.  Dept, 

of  Health,  Education  and  Welfare,  1976b;  Valeri  et  al.,  1977;  1979;  Valeri, 

1976).  Techniques  are  now  available  for  maintaining  sterile  entry  sites,  thus 
greatly  reducing  contamination  during  glycerolizing  and  deglycerolizing  proce¬ 
dures  (U.S.  Dept,  of  Health,  Education  and  Welfare,  1976d;  U.S.  Dept,  of 
Health,  Education  and  Welfare,  1976a).  Extending  this  24  hour  post-thaw  stor¬ 
age  period  to  at  least  72  hours  would  significantly  reduce  wastage  of  this 
expensive  product. 

A  major  source  of  contamination  of  frozen  stored  blood  is  the  37°C  water 
bath  used  to  thaw  the  units  as  exemplified  by  the  following  three  studies. 
First,  the  U.S.  Dept,  of  Health,  Education  and  Welfare  (1976b)  studied  five 
blood  processing  laboratories  and  found  a  2.4%  incidence  of  contamination 
following  thaw  and  wash  of  red  blood  cells.  In  one  laboratory,  6.9%  of  the 
units  were  contamined,  the  majority  with  Mima  polymorpha  var.  oxidans .  This 
strain  of  bacteria  was  also  found  in  the  water  bath  used  for  thawing,  and 
identified  the  bath  as  a  major  contamination  hazard.  Following  the  use  of  a 
sterilizing  agent  in  the  bath,  1.1%  of  the  units  were  still  contaminated.  In 
the  second  study,  Szymanski  and  Carrington  (1977)  claimed  a  5%  contamination 
incidence  in  thawed  washed  red  blood  cells.  Following  the  daily  addition  of 
an  antiseptic  to  the  water  of  the  thawing  bath,  contamination  still  remained 
at  1%.  Finally,  the  Department  of  Health,  Education,  and  Welfare  (1979)  re¬ 
ported  that  in  January  and  February  of  1979,  three  patients  in  a  large  univer¬ 
sity  hospital  acquired  serious  infection  by  the  bacterium  Pseudomonas  cepacia 
following  the  receipt  of  cryoprecipitates .  The  water  bath  used  to  thaw  these 
cryoprecipitates  contained  approximately  2  X  1 0B  per  ml  of  the  same  bacterial 
strain,  even  though  the  bath  was  cleaned  with  povodine-iodine  and  fresh  water 
was  added  every  day.  Given  this  unavoidable  contamination  from  water  baths  in 
civilian  hospitals,  the  contamination  problem  of  water  baths  in  the  field 
environment  of  military  hospitals  could  be  even  more  serious  and  should  be 
eliminated. 

POTENTIAL  ADVANTAGES  AND  DISADVANTAGES  OF  MICROWAVE  THAWING 


Microwave  energy  offers  a  dry-thawing  method  that  would  eliminate  the 
contamination  introduced  by  water  baths.  Microwaves  fall  within  the  electro¬ 
magnetic  frequency  spectrum  between  300  MHz  and  300  GHz.  This  type  of  non¬ 
ionizing  radiation  generates  heat  from  the  friction  of  dipole  molecules  (e.g., 
H  0)  orienting  within  the  field.  Biological  tissues,  because  of  their  high 
w^ter  content,  respond  well  to  heating  with  microwave  energy.  Because  of  the 
large  penetration  depth,  microwave  energy  has  the  added  advantage  of  reducing 
the  time  required  in  traditional  conduction  heating.  Microwave  thawing  has 
been  studied  in  relation  to  frozen  preserved  kidneys  (Rajotte  et  al.,  1974) 
and  frozen  granulocytes  (Georgia  Inst,  of  Tech.,  1976)  with  encouraging  re¬ 
sults  and  viable  cells  post-thaw. 


Unfortunately,  microwave  thawing  is  not  always  uniform.  The  electrical 
characteristics  of  a  material  can  vary  significantly  between  its  solid  and 
liquid  state.  Water  absorbs  microwave  energy  at  a  much  higher  rate  than  ice. 
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Therefore,  the  portions  of  the  frozen  sample  that  thaw  first  absorb  more  ener¬ 
gy  than  the  still  frozen  portion,  heat  faster,  and  become  hot  spots.  This  pro¬ 
cess  has  been  termed  "thermal  runaway."  Thermal  damage  can  be  avoided  by  uni¬ 
form  heating  —  raising  the  temperature  of  all  portions  of  the  sample  at  the 
same  rate . 


The  major  destructive  effect  of  microwave  heating  may  be  denaturation  of 
proteins  (Cleary,  1973;  U.S.  Dept,  of  Health,  Education  and  Welfare,  1970).  As 
the  protein  absorbs  microwave  energy,  new  molecular  bonds  can  be  created  or 
old  ones  destroyed,  thus  altering  the  structure  of  the  molecule.  Altering  the 
structure  of  many  of  the  RBC  proteins  could  adversely  affect  either  their 
structural  or  metabolic  functions,  thereby  decreasing  the  RBC's  effectiveness 
in  transfusion  therapy. 


PURPOSE  OP  STUDY 


The  purpose  of  this  study  is  to  determine  the  in  vitro  viability  of 
microwave-thawed  RBCs  ( MT-RBCs )  by  comparing  MT-RBCs  with  water  bath-thawed 
RBCs  ( WT-RBCs ) .  By  measuring  in  vitro  morphologic  and  metabolic  parameters  of 
blood  thawed  by  both  methods,  potentially  harmful  effects  of  microwave  thawing 
can  be  detected. 


■  V-  -  - 


*  MV  V  V  *'•  •’« v.V.".' 


MATERIALS  AND  METHODS 


EXPERIMENTAL  PROTOCOL 

Each  unit  of  pRBC  used  in  this  study  was  glycerolized,  divided  into 
approximately  80  aliquots  of  3.5  ml  each,  and  frozen  at  -75°C  for  at  least  24 
hours  (Figure  1).  Samples  from  the  same  unit  of  blood  were  then  periodically 
removed  from  the  freezer  for  both  water  bath  thawii  *  (WT)  and  microwave  thaw¬ 
ing  (MT).  The  WT-  and  MT-RBCs  were  washed  side  by  side  using  the  same  wash 
solutions  and  similar  conditions.  Testing  of  the  metabolism  of  the  washed 
RBCs  ( wRBCs )  continued  for  6  hours  after  washing.  Handling  of  both  WT-  and 
MT-RBCs  was  identical,  the  only  difference  in  treatment  being  the  method  of 
thaw.  Results  from  WT  samples  provided  a  baseline  for  comparing  results  from 
MT  samples.  Consistent  differences  in  RBC  characteristics  between  WT-  and 
MT-RBCs  should  reflect  any  effects  due  to  the  thaw  method,  and  indicate  poten¬ 
tial  hazards  of  the  MT  process . 

PREPARATION  OF  BLOOD  FOR  FREEZING 

Eight  full  units  (labelled  15,  and  17-23  in  this  report)  of  pRBCs  col¬ 
lected  in  citrate  phosphate  dextrose  (CPD)  were  obtained  from  either  the  Naval 
Regional  Medical  Center  (San  Diego)  Blood  Bank,  or  the  San  Diego  Blood  Bank. 
Six  of  these  units  (units  17,  18,  and  20-23)  were  outdated  when  received 
(greater  than  21  but  less  than  28  days  post-collection),  while  the  other  two 
(units  15  and  19)  were  fresh  (less  than  6  days  post  collection). 

To  prepare  a  unit  for  freezing,  the  cells  were  brought  to  room  tempera¬ 
ture.  A  small  aliquot  was  taken  for  initial  testing  which  included  the  deter¬ 
mination  of  morphologic  and  metabolic  characteristics .  Morphologic  measure¬ 
ments  included: 

•  total  hemoglobin  concentration  (Hb^*), 

•  supernatant  hemoglobin  concentration  (Hbs%), 

•  cellular  hemoglobin  concentration  (Hb  %), 

•  hematocrit  (Hct), 

•  red  blood  cell  count  (RBC#), 

•  mean  cellular  volume  (MCV), 

e  mean  cellular  hemoglobin  concentration  (MCHC),  and 
e  mean  cellular  hemoglobin  (MCH). 

Metabolic  measurements  included: 

•  glucose  concentration, 

•  lactate  concentration, 

•  pyruvate  concentration, 

•  adenosine  triphosphate  (ATP)  concentration, 

•  2, 3-diphosphoglycerate  (DPG)  concentration,  and 

•  reduced  glutathione  (GSH)  concentration. 

Not  all  parameters  were  measured  on  all  units  at  this  step  of  the  preparation. 


Units  greater  than  6  days  old  show  decreased  oxygen  carrying  ability  due 
to  low  DPG  levels.  Before  these  units  can  be  frozen,  they  should  be  rejuve¬ 
nated  to  improve  their  oxygen  carrying  function.  Outdated  pRBC  units  were 
rejuvenated,  and  all  units  were  glycerolized  by  procedures  developed  by 
Captain  C.R.  Valeri,  MC,  USNR  (Valeri  et  al.,  1979).  These  procedures  are 
expected  to  replace  the  procedures  currently  used  by  Naval  Blood  Banks .  Hie 
rejuvenation  solution  used  was  PIPA  (Cytosol  Laboratories,  Boston,  MA)  and 
contained  100  mM/L  pyruvate,  100  mM/L  inosine,  100  mM/L  disodium  phosphate, 
and  5  mM/L  adenine.  This  solution  had  an  osmolality  of  500  mOsm/Kg  water  and 
a  pH  of  7.2.  Fifty  ml  of  this  rejuvenation  solution  was  added  to  each  out¬ 
dated  pRBC  unit.  The  resulting  mixture  was  incubated  at  37°C  in  a  water  bath 
for  1  hour.  Fresh  pRBC  units  were  not  treated  with  PIPA. 

Fresh  and  rejuvenated  RBC  ( rRBC )  units  were  glycerolized  with  6.2M  glyc¬ 
erol  (57%  W/v)  in  three  additions  (Table  1).  An  initial  addition  of  glycerol 
was  made  to  mechanically  agitated  red  cells.  A  5-minute  equilibration  period 
with  no  agitation  then  followed.  A  second  glycerol  volume  was  added  with  mix¬ 
ing  followed  by  equilibration  for  2  minutes.  Hie  third  glycerol  volume  was 
added  with  continuous  manual  agitation.  Hie  units  were  then  concentrated  by 
centrifugation  at  1250  X  g  for  7  minutes.  Hie  supernatant  glycerol  was  re¬ 
moved,  yielding  a  unit  of  concentrated  glycerolized  red  cells  (gRBCs).  Hie 
contents  of  each  unit  were  then  aliquoted  to  sterile,  polycarbonate  freezer 
tubes,  with  approximately  3.5  ml  of  gRBCs  per  tube.  Hiese  tubes  were  then 
covered  with  sterile  aluminum  foil,  labelled,  and  placed  in  a  -75°C  freezer. 
Hie  polycarbonate  tubes  were  sterilized  with  the  aluminum  foil  lid  in  place  by 
placing  them  in  a  200°F  oven  for  2  hours. 

Table  1 .  Glycerol  volumes  added  to  prepare  RBCs  for  freezing 

(Valeri  et  al.,  1979) . 


Net  Weight  Glycerol  Glycerol  Glycerol 

of  pRBC  First  Addition  Second  Addition  Final  Addition 

(grams)  (ml)  (ml)  (ml) 


THAWING 

Microwave  thawing  and  water  bath  thawing  of  equal  numbers  of  samples,  in 
sufficient  quantity  to  allow  post-wash  testing,  were  performed  simultaneously 
at  the  beginning  of  each  day  of  the  experiment.  When  thawing  was  complete, 
the  WT-RBC  samples  were  combined  and  the  MT-RBC  samples  were  combined.  Each 
was  then  tested  for  post-thaw  recovery  by  measuring  Hbt%,  Hbg%  and  Hct. 

Ideally,  testing  of  each  individual  aliquot  should  have  been  performed. 
However,  the  capacity  of  the  MT  waveguide  allowed  thawing  of  only  3.5  ml  at  a 
time  —  an  insufficent  volume  to  conduct  all  desired  post-thaw  and  post-wash 
tests.  Therefore,  each  day  four  to  five  aliquots  were  thawed  by  each  thawing 
process,  and  then  combined  to  supply  enough  sample  for  testing. 


Water  Bath  Thaw 


Tubes  containing  frozen  gRBCs  were  removed  from  the  freezer  and  placed  in 
a  37 °C  water  bath.  Care  was  taken  to  ensure  that  the  aluminum  foil  lid  did 
not  contact  the  water  of  the  bath,  and  that  the  entire  gRBC  portion  of  the 
tube  was  submerged.  Preliminary  testing  showed  that  5  minutes  was  the  optimal 
time  for  water  bath  thawing  of  the  small  samples  (i.e.,  resulted  in  the  high¬ 
est  percent  recovery).  After  5  minutes,  the  tubes  were  removed  from  the  bath, 
the  contents  combined  in  a  preweighed  sterile  50  ml  capacity  centrifuge  tube, 

and  Hb  %,  Hb  %,  Hct,  and  specific  gravity  values  were  determined, 
t  s 

Microwave  Thaw 

A  Variable  Power  Source  ( Gerling-Moore  Model  4003),  continuously  variable 
from  0  to  2400  watts,  was  used  at  2450  MHz  to  dry  thaw  half  of  the  frozen  sam¬ 
ples  .  This  microwave  power  source  was  controlled  using  a  Variable  Power 
Source  Controller  (Gerling-Moore  Model  4006)  and  a  Servo-Control  (Gerling- 
Moore  Model  4012).  A  travelling  waveguide  with  a  test  tube  coupler  was  used 
as  the  applicator  to  couple  the  microwave  power  from  the  power  source  into  the 
sample.  The  top,  empty  portion  of  the  polycarbonate  tube,  along  with  the  alu¬ 
minum  foil  lid,  protruded  from  the  opening  into  the  waveguide.  Figure  2  is  a 
block  diagram  of  the  microwave  thawing  system. 

The  2450  MHz  wave,  generated  in  the  power  source  magnetron,  was  directed 
to  the  sample  by  the  waveguide .  The  dummy  load  at  the  end  of  the  waveguide 
absorbed  most  of  the  energy  not  absorbed  by  the  sample.  A  small  portion  of 
energy  was  reflected  back  toward  the  magnetron  by  both  the  sample  and  the  dum¬ 
my  load.  The  tuner  situated  between  the  sample  and  the  power  source  allowed 
adjustment  of  this  reflected  power  to  zero  by  compensating  for  any  impedance 
mismatch  in  the  load  system.  Tb  further  protect  the  magnetron  from  reflected 
power,  a  3-port  circulator  (Gerling-Moore  Model  4065)  was  placed  before  the 
power  source  to  divert  any  reflected  power  to  the  third  port  where  the  energy 
was  absorbed  by  a  second  dummy  load.  Meters  were  inserted  between  the  3-port 
circulator  and  the  tuner  to  allow  visual  monitoring  of  forward  and  reflected 
power .  A  cooling  system  pumped  water  through  the  dummy  loads  and  the  power 
source  when  the  microwave  heating  unit  was  in  operation. 

Preliminary  thawing  studies  indicated  that  the  microwave  thawing  inside 
the  waveguide  was  not  uniform  (i.e.,  the  sample  thawed  on  one  side  first). 
Since  nonuniform  microwave  heating  has  a  high  potential  for  thermal  runaway 
and  therefore  cell  damage  (see  Potential  Advantages  and  Disadvantages  of  Micro- 
wave  Thawing),  this  problem  had  to  be  corrected.  Causes  of  nonuniform  micro- 
wave  heating  are  nonuniformities  in  the  sample  composition,  the  sample  shape, 
and/or  the  microwave  field.  Nonuniformities  in  sample  composition  may  be  due 
to  settling  of  the  cells  during  the  time  between  being  placed  in  the  -75°C 
freezer  and  being  frozen.  This  settling  is  minimal  and  difficult  to  elimi¬ 
nate;  therefore,  no  attempt  was  made  to  correct  for  nonuniformities  in  sample 
composition.  The  round-bottom  tube  used  in  the  waveguide  was  a  source  of 
shape  nonuniformity,  but  since  the  portion  of  the  sample  in  the  bottom  of  the 
tube  was  not  the  portion  of  blood  thawing  first,  the  tube  was  not  replaced. 

The  presence  of  the  sample  in  the  microwave  field  causes  reflections  of 
the  normally  uniform  field  in  the  waveguide  due  to  electrical  discontinuities. 
These  reflections  result  in  a  nonuniform  field  at  the  sample.  Tto  minimize 


15 


reflections  near  the  sample,  the  discontinuity  was  eliminated  by  packing  SiO_, 
a  material  having  electrical  properties  similar  to  frozen  gRBCs,  into  tne 
waveguide  on  either  side  of  the  sample.  Using  this  modification,  the  thawing 
of  samples  was  better,  but  still  not  completely  uniform.  Finally,  a  constant 
manual  rotation  (approximately  30  revolutions  per  minute)  of  the  sample  during 
microwave  heating  was  attempted,  and  produced  acceptable  thawed  samples. 

After  these  modifications  were  made,  the  following  protocol  was  used  to 
thaw  all  MT  samples.  A  3.5  ml  frozen  sample  was  removed  from  the  freezer  and 
inserted  into  the  coupler.  The  microwave  was  turned  on  (preset  to  300  watts) 
and  manual  rotation  was  started  when  the  tube  had  warmed  sufficiently  to 
rotate  easily  (5-10  seconds).  Approximately  45  seconds  later,  the  reflected 
power  began  to  rise.  This  change  in  reflected  power  signalled  a  change  in  the 
blood  sample  from  a  frozen  to  a  liquid  state.  To  eliminate  any  localized 
overheating,  the  microwave  was  turned  off  when  the  reflected  power  reached  20 
watts.  If  examination  showed  that  parts  of  the  sample  were  still  frozen,  the 
tube  was  reinserted  in  the  coupler  and  a  pulsing  technique  was  used  to  com¬ 
pletely  thaw  the  sample  without  overheating  the  already  thawed  portions.  For 
pulsing,  the  microwave  was  turned  on  for  2  seconds  (with  rotation  of  the  tube) 
then  off  for  10  seconds  to  allow  the  heat  to  equilibrate  throughout  the  sam¬ 
ple.  This  was  continued  until  the  sample  flowed  freely  when  the  tube  was 
tilted  to  one  side.  During  the  10-second  off  period,  the  sample  was  examined 
to  determine  if  thawing  was  complete.  Ttiawing  usually  required  three  pulse 
periods.  Approximately  90  seconds  were  required  overall  to  thaw  one  tube  of 
frozen  RBCs  in  the  waveguide. 

For  each  experiment,  four  to  five  tubes  of  frozen  RBCs  were  thawed,  one 
at  a  time,  using  this  method.  Their  contents  were  combined  in  a  preweighed, 
sterile,  50  ml-capacity  centrifuge  tube.  Hbt%,  Hbg%,  Hct,  and  specific 
gravity  were  measured. 

WASHING 

The  washing  procedure  used  was  a  modification  of  one  developed  by  C.R. 
Valeri  et  al.  (1979)  which  varies  only  slightly  from  the  procedures  currently 
used  in  blood  banks.  Washing  required  two  different  solutions.  Solution  A, 
used  in  the  first  stage  of  washing,  was  12%  NaCl,  manufactured  by  Fenwal 
Laboratories . 

Solution  B,  used  in  the  final  stages  of  washing,  was  a  NaCl,  dextrose, 
phosphate  buffer  solution.  Dr.  Valeri's  Solution  B  consisted  of  0.9%  NaCl, 
0.2%  dextrose,  25  meg/L  disodium  phosphate,  and  had  an  osmolality  of  about  340 
mOsm/Kg  water  with  a  pH  of  6.8  (Valeri  et  al.,  1979).  The  wash  solutions 
available  on  the  market  are  also  either  buffered  with  a  pH  of  approximately 
6.8  or  not  buffered  at  all  (pH  6.0  -  6.5).  These  wash  solutions  are  not  suit¬ 
able  for  metabolism  studies  because  of  their  low  pH.  In  vivo,  the  pH  of  blood 
is  approximately  7.4  (Darrow,  1964),  which  is  the  working  pH  desired  for  me¬ 
tabolism  studies.  Any  pH  above  or  below  7.4  may  inhibit  RBC  metabolism. 
Therefore,  an  isotonic  buffered  NaCl-dextrose  solution,  able  to  hold  a  pH  as 
close  to  7.4  as  possible  through  6  hours  of  RBC  metabolism,  was  developed  and 
used  as  a  wash  solution . 


Solution  B  in  this  study  was  composed  of  0.81%  NaCl,  0.18%  dextrose, 
0.08%  sodium  phosphate  monobasic,  and  0.40%  sodium  phosphate  dibasic.  the  pH 


of  the  heat-sterilized  solution  was  adjusted  to  8.4  by  addition  of  a  predeter¬ 
mined  amount  of  concentrated,  sterile  NaOH.  This  high  wash  solution  pH  was 
required  to  establish  an  initial  pH  of  7.6  in  the  washed  RBC  sample.  The  hema¬ 
tocrit  of  the  washed  sample  was  adjusted  low,  between  20  and  30%,  to  limit  the 
production  of  lactate  which  would  lower  the  pH  too  quickly  during  the  6  hour 
post-wash  incubation. 

Solution  B  was  established  after  several  months  of  experimentation  with 
different  combinations  of  NaCl,  dextrose,  sodium  phosphate  monobasic  and 
sodium  phosphate  dibasic.  Most  of  the  alterations  involved  increasing  the 
buffering  capability  while  maintaining  an  osmolality  around  340  mOsm/Kg  water. 
Preliminary  experiments  with  washed  RBCs  employed  nonsterile  wash  solutions. 
These  RBC  samples  showed  obvious  contamination  after  6  hours  of  study,  and 
their  data  are  not  included  in  this  report. 

The  actual  washing  procedure  is  outlined  in  Table  2  and  discussed  here. 
The  volumes  listed  below  are  in  ml  per  gram  thawed  RBCs  (thRBCs).  Washing 
began  by  aseptically  adding  0.15  ml/gm  of  solution  A  (12%  NaCl)  while  swirling 
the  cells.  After  a  2-minute  equilibration  period,  0.31  ml/gm  of  solution  B 
was  added  with  swirling.  Two  minutes  later,  0.46  ml/gm  of  the  same  solution 
was  added.  The  cells  were  allowed  to  equilibrate  2  minutes  and  were  then  cen¬ 
trifuged  5  minutes  at  2500  rpm  using  an  XEC  Model  428  centrifuge  and  Model  215 
rotor.  The  supernatant  was  carefully  removed  by  sterile  pipet  to  a  preweighed 
beaker.  The  cells  were  gently  resuspended  by  swirling,  and  1.2  ml/gm  of  the 
same  solution  B  was  added  while  agitating  the  cells.  The  blood  was  centri¬ 
fuged  again  at  2500  rpm  for  5  minutes,  and  the  supernatant  carefully  removed 
by  pipet  to  the  beaker.  This  process  was  repeated  two  more  times.  After  the 
removal  of  the  last  supernatant,  the  Hct  of  the  cells  was  adjusted  to  approxi¬ 
mately  25%  by  addition  of  0.5  ml/gm  of  solution  B.  The  samples  were  weighed 
and  approximately  5  ml  from  both  MT-  and  WT-washed  RBCs  (wRBCs)  were  set  aside 
for  zero-hour  testing  which  began  immediately.  The  two  tubes  of  the  remaining 
wRBCs  (approximately  15  ml  each)  were  capped  and  placed  in  a  37°C  water  bath. 
The  beakers  containing  the  wash  waste  were  reweighed,  and  specific  gravity  and 
Hb^%  measurements  were  performed. 

VIABILITY  TESTS 

Packed  red  blood  cells  are  typically  transfused  to  replenish  a  loss  in 
the  oxygen  carrying  capacity  of  a  patient.  The  ability  of  pRBC  to  do  this  is 
reduced  when: 

1.  RBCs  are  destroyed  in  vitro  during  storage  and  processing; 

2.  RBCs  are  destroyed  in  vivo  in  the  first  24  hours  post  transfusion;  or 

3.  Viable  RBCs  have  a  decreased  oxygen-carrying  ability. 

Destruction  of  RBCs  in  vitro  was  measured  as  percent  recovery  (%R)  and 
percent  hemolysis  (%H).  The  potential  for  in  vivo  survival  was  determined  in 
vitro  by: 

1.  Monitoring  the  rate  of  RBC  anaerobic  glycolysis  as  represented  by 
decreased  glucose  and  increased  lactate  and  pyruvate  concentrations 
in  the  suspending  medium  over  time. 


Table  2.  Small  sample  wash  procedure 


Procedure 


First  addition 

Two  minute  equilibration 

Second  addition 

Two  minute  equilibration 

Third  addition 

Two  minute  equilibration 

Five  minute  centrifugation 
Remove  supernatant 

Fourth  addition 

Five  minute  centrifugation 
Remove  supernatant 

Fifth  addition 

Five  minute  centrifugation 
Remove  supernatant 

Sixth  addition 

Five  minute  centrifugation 
Remove  supernatant 

Seventh  addition 


Solution  A:  1 2%  NaCl 


Solution  ml  Solution/gram  thRBC 


Solution  B:  0.81%  Nacl,  0.18%  dextrose,  0.08%  sodium  phosphate  monobasic, 
0.40%  sodium  phosphate  dibasic 


•AVVV.V.V.V: 


2.  Measuring  the  cellular  ATP  concentration  over  time,  and 


3.  Measuring  the  loss  of  cells  over  time,  expressed  as  %H. 


The  ability  of  the  intact  RBCs  to  carry  and  release  oxygen  was  determined 
by  three  factors: 


1.  Hie  amount  of  hemoglobin  present,  expressed  in  terms  of  mean  cellular 
hemoglobin  (MCH)  or  mean  cellular  hemoglobin  concentration  (MCHC), 

2.  Hie  RBCs  capability  of  releasing  oxygen  to  the  tissues,  measured  by 
its  2,3-DPG  production  and 

3.  The  cellular  ability  to  maintain  the  hemoglobin  molecule  in  the 
reduced,  functional  state,  measured  by  the  GSH  concentration. 

Total  Hemoglobin  Concentration  (Hbt%) 

Total  Hb  concentration  was  used  in  the  calculations  of  %H,  %R,  and  cel¬ 
lular  Hb  concentration  (Hbc%).  Total  Hb  in  grams  per  100  ml  of  solution  (gm%) 

was  measured  using  the  cyanomethemoglobin  technique  first  proposed  by  W.C. 
Stadie  in  1920  (Sigma  Chemical  Company,  1976c)  and  available  in  kit  form 
(#525)  from  Sigma  Chemical  Company,  (St.  Louis,  MO).  In  this  test,  Drabkins 
reagent,  containing  potassium  cyanide  and  potassium  ferricyanide,  oxidizes 
hemoglobin  to  methemoglobin  which  is  then  converted  to  cyanomethemoglobin. 
Hie  concentration  of  this  latter  Hb  derivative  is  determined  by  measuring  its 
absorbance  at  540  nm.  A  calibration  curve  prepared  from  Hb  standards  (Sigma 
#525-18)  was  used  to  interpolate  Hbt%  in  unknown  solutions. 

To  determine  Hbfc%  of  wRBC  or  whole  blood  (whRBC),  0.02  ml  of  the  sample 
was  added  to  5  ml  of  Drabkins  reagent.  To  determine  Hb^%  of  more  concentrated 
samples  (pRBC,  gRBC,  rRBC  or  thRBC),  0.01  ml  of  the  sample  was  added  to  5  ml 

of  Drabkins  reagent  and  the  Hbt%  read  from  the  calibration  curve  was  doubled. 

Hie  Hb^%  measurement  for  supernatants  (sp)  from  glycerolization  and  wash 
procedures  was  performed  using  volumes  of  sp  and  Drabkins  reagent  different 
from  those  used  in  preparation  of  the  standard  curve.  Hie  actual  Hbfc%  of  the 
sp  solution  was  calculated  by  multiplying  the  measured  Hb  %  by  appropriate 
correction  factors  for  the  unusual  dilutions .  z 


Hb  % 

t  actual 


•02  ^  %  ml  sp  +  ml  Drabkins 

5.02  t  measured ;  ml  sp 


(1) 


Hematocrit  (Hct) 

Hematocrit  is  the  volume  percent  of  a  blood  solution  that  is  composed  of 
red  blood  cells.  This  value  was  needed  to  determine  Hb  %,  Hb  %,  %H  and  %R.  A 
small  sample  of  the  blood  was  drawn  up  into  a  capiflary  fube  and  spun  at 
11,800  rpm  for  5  minutes  (whRBC  and  wRBC)  or  7  minutes  (pRBC,  gRBC,  rRBC  and 
thRBC),  using  a  microhematocrit  centrifuge  (Model  0556,  Clay  Adams,  Parsip- 
pany,  NJ).  (This  has  recently  been  changed  in  our  laboratory  to  3  minutes  and 
5  minutes,  respectively.) 


Supernatant  Hemoglobin  Concentration  (Hbg%) 

Supernatant  Hb  is  the  Hb  found  free  in  solution  unassociated  with  intact 
cells.  It  was  used  in  the  calculations  of  Hbc%,  %H,  and  %R.  A  variation  of 
Lewis'  (1965)  o-tolidine  method  of  measuring  Hb  %  in  grams  per  100  ml  of  super¬ 
natant  was  adopted,  using  procedures  developed  by  the  Hematology  Laboratory, 
Naval  Regional  Medical  Center,  San  Diego.  In  this  test,  ^-tolidine  is  used  as 
the  hydrogen  donor  in  a  peroxidase  reaction  requiring  hemoglobin.  Hie  absor¬ 
bance  of  the  primary  oxidation  pigment  of  o-tolidine  is  read  at  630  nm  on  the 
spectrophotometer  exactly  10  minutes  after  initiation  of  the  reaction.  Hie 
production  of  this  color  is  directly  related  to  the  Hb  concentration  present. 
A  standard  was  run  with  each  experiment  because  of  the  high  sensitivity  of 
this  test  to  slight  variations  in  procedure  or  reagents. 


Because  of  high  concentrations  of  Hb  in  the  supernatant  of  experimental 
samples  (as  compared  to  fresh  whole  blood,  for  which  the  test  was  devised), 
initial  dilutions  (dilution  1)  of  the  samples  were  made  in  isotonic  solutions. 
A  known  volume  of  blood  was  added  to  a  known  volume  of  isotonic  solution,  gen¬ 
tly  swirled,  and  centrifuged  to  remove  the  RBCs .  Hie  supernatant  was  stored 
in  the  refrigerator  for  later  testing.  Hie  actual  Hbg%  test  procedure  used 
was  as  follows : 


A  frozen  standard  hemoglobin  solution  of  approximately  7.5  g%  (prepared 
earlier  from  lysed  RBCs)  was  thawed,  and  the  Hbt%  was  measured  by  the  Drabkins 
method.  A  volume  of  this  standard  was  diluted  in  each  of  the  isotonic  solu¬ 
tions  used  in  the  samples  to  a  concentration  of  approximately  20  mg%  (mg  per 
100  ml  solution).  Hie  color  intensities  of  the  regrigerator-stored  sample 
supernatants  were  visually  compared  with  those  of  the  diluted  standards.  Fur¬ 
ther  dilutions  (dilution  2)  of  the  samples  were  performed  as  necessary  to 

bring  their  Hbg%  to  approximately  that  of  the  standard. 

Two  working  solutions  were  freshly  prepared  before  each  test:  10%  gla¬ 
cial  acetic  acid  and  1%  hydrogen  peroxide.  The  o-tolidine  solution  was  pre¬ 
pared  in  advance  and  stored  in  the  refrigerator  for  no  longer  than  8  weeks 

(0.25  grams  o-tolidine  with  90  ml  glacial  acetic  acid  and  10  ml  distilled 

water )  . 

One  ml  of  the  o-tolidine  solution  was  added  to  a  15  ml  tube  for  each 
standard  and  sample.  One-tenth  of  a  ml  (0.05  ml  for  glycerol  based  solutions) 
of  the  standard  or  sample  was  added  to  this  tube  and  was  allowed  to  equili¬ 
brate  at  least  2  minutes.  This  test  required  reading  of  the  solution  exactly 
10  minutes  after  the  reaction,  so  initiation  of  the  reaction  for  each  sample 
or  standard  was  staggered  at  precisely-timed  intervals  to  allow  uninterrupted 
reading  of  the  end  product  exactly  10  minutes  later. 


The  reaction  was  initiated  by  adding  1  ml  of  the  1%  H  O  solution,  fol¬ 
lowed  by  gentle  swirling.  Exactly  10  minutes  later,  the  solution  was  diluted 
with  10  ml  of  the  10%  glacial  acetic  acid  solution  to  allow  reading  of  the 
absorbance  at  630  nm,  using  water  to  zero  the  spectrophotometer. 


Calculations  were  as  follows: 

1 .  Concentration  of  diluted  Hb  standard 


Hbt%  x  (ml  std) 

dstd  g%  =  - — — : - - -  x  100 

(ml  iso) 

2.  First  dilution  of  blood  sample 


df1  " 


(ml  iso)  +  (ml  RBC)(1-(Hct  x  10~2)) 
(ml  RBC) ( 1-(Hct  x  102  ) ) 


3.  Dilution  of  supernatant  of  dilution  1 


(ml  sp  )  +  (ml  iso) 

df  =  - J - 

2  (ml  sp  ) 


4.  Supernatant  Ha  of  sample 


Hb  « 
s 


dstd  g% 

A  ... 
std 


“W> 


ml  std  tested 
ml  sp2  tested 


(df1)(df2) 


where : 


Agtd  =  absorbancy  of  standard 
=  absorbancy  of  unknown 
std  =  undiluted  standard 
dstd  =  diluted  standard 
iso  =  isotonic  solution 
df  =  dilution  factor 
RBC  =  undiluted  blood  sample 
sp^  =  supernatant  of  1st  dilution 
sp2  =  supernatant  of  2nd  dilution 
g%  s  grams  per  1 00  ml  solution 


Hct  *  hematocrit 


Cellular  Hemoglobin  Concentration  (Hbc%) 

This  value  was  used  in  the  normalization  of  the  metabolic  data,  and  in 
calculating  MCH  and  MCHC.  Supernatant  Hb  (Hbg)  per  100  ml  of  supernatant 
(Hb  %)  was  converted  to  Hb  per  100  ml  solution  by  multiplying  by  the  volume 
of  lupernatant  (sp)  in  solution  (sn). 

- ^ -  =  - ™ s -  (100  -  Hct)  ml  s£  ,  (Hb  %)  (1  _  (Hct  x  1(f2))  (6) 

100  ml  sn  100  ml  sp  100  ml  sn  s 

This  value  was  subtracted  from  the  total  Hb  in  100  ml  of  solution  (Hbt%)  to 
yield  Hb  in  100  ml  of  RBC  (Hbc%). 

_2 

Hb  %  =  Hb  %  -  [Hb  %  (1  -  (Hct  x  10  ))]  (7) 

c  t  s 

Red  Blood  Cell  Count  (RBC#) 

The  RBC#,  given  in  millions  of  cells  per  mm^  of  solution,  was  used  in  the 
determinations  of  mean  cellular  volume  (MCV)  and  MCH.  Counts  were  performed 
using  the  Clay  Adams  HA-5  Hematology  Analyzer  Model  2550.  The  HA-5  counts 
cells  by  detecting  small  current  changes  induced  by  the  passage  through  a 
small  orifice  of  non-conducting  blood  cells  suspended  in  a  conducting  diluent. 
White  as  well  as  red  blood  cells  are  counted,  but  in  normal  blood  samples  the 
white  cell  count  is  relatively  small  and  may  effectively  be  ignored.  Only  a 
very  small  sample  volume  (25  jil)  per  6.5  ml  of  diluent  (modified  Eagle's  solu¬ 
tion)  is  necessary.  Counts  were  performed  on  pre-glycerolized  and  post-thaw 
washed  blood  samples.  Counts  could  not  be  performed  on  glycerolized  samples 
due  to  conductivity  problems  encountered  with  the  use  of  glycerol  as  a  diluent. 

Percent  Recovery  (%R) 

The  freezing,  thawing  and  washing  procedures  unavoidably  lysed  some  RBCs. 
The  %R  measurement  indicates  the  percentage  of  cells  that  survived  each  of  the 
processes . 

In  this  study,  the  location  of  the  Hb  was  used  to  determine  the  condition 
of  the  cells  following  a  particular  procedure.  Hemoglobin  is  either  located 
in  the  cell  or  in  the  supernatant,  the  latter  if  a  cell  has  lysed.  A  compari¬ 
son  of  the  Hb  associated  inside  the  cell  (Hbc)  before  and  after  a  procedure 
then  indicated  the  percentage  of  cells  that  survived. 


Freeze-thaw  percent  recoveries  were  calculated  from  measurements  of  pre¬ 


freeze  Hb  %  and  Hct,  and  post- thaw  Hb  %,  Hb  %  and  Hct. 
s  t  s 


Hb  %  =  Hb  %  -  (1  -  (Hct 

c-post  t-post  post 


x  10“2) ) (Hb 


s-post 


Hb  %  =  Hb  %  -  (1  -  (Hct  x  10  ))(Hb  %) 

c-pre  t-post  pre  s-pre 


freeze-thaw  Hb 


x  100 


c-pre 


Thawed  RBCs,  for  an  unknown  reason,  have  a  slightly  higher  Hbt%  than  the  pre¬ 
freeze  values  (Travenol  Laboratories,  Inc.,  1973).  Therefore,  Hb  %  was 

t— DOS t 

used  for  both  pre  and  post  values  on  freeze-thaw  recoveries. 


In  wash  percent  recovery  calculations,  "pre"  referred  to  measurements 
taken  pre-wash  (equivalent  to  post-thaw),  and  "post"  referred  to  measurements 
taken  post-wash.  The  wash  percent  recoveries  were  more  difficult  to  calculate 
since  the  volumes  and  concentrations  of  the  RBC  samples  were  different  between 
pre-  and  post-wash,  and  because  some  of  the  blood  was  lost  on  the  sides  of 
glassware  during  the  wash  procedure.  To  accommodate  for  the  different  volumes 
and  concentrations,  the  measured  relative  values  of  hemoglobin  concentrations 
(Hb^_%  and  Hb  %)  were  converted  to  actual  values  (Hb  and  Hb  )  by  multiplying 
by  sample  volume.  The  blood  lost  during  the  procedure  was  i  colored  by  estimat¬ 
ing  Ht>t_pre  from  post  values: 


Hb.  =  Hb  .  + 

t-pre  t-post 


Hb 


t-waste 


(11  ) 


where  Hb  was  the  actual  weight  of  hemoglobin  in  the  wash  waste  (calcu- 

L^WdS tG 

lated  from  Hbt_waste%  x  ml  waste).  Therefore, 


Hb  =  Hb  -  (1  -  Hct  x  1 

c-post  t-post  post 

Hb  =  Hb  +  Hb  -  ( 1  - 

c-pre  t-post  t-waste 


Hb 

%R  =  c~P°st  x  i oo 
wash  Hb 

c-pre 


0-2) ) (Hb  ) 

s-post 

Hct  x  1 0-2) ) (Hb  ) 

pre  s-pre 


(12) 

(13) 


(14) 


Percent  Hemolysis  (%H) 


This  value  reflects  the  percentage  of  cells  that  are  lysed  in  a  particu¬ 
lar  sample  at  any  one  time.  It  does  not  compare  the  pre  and  post  procedural 
condition  of  an  RBC  sample  as  does  %R.  The  free  Hb  in  the  supernatant  (Hb  %) 
times  (1  -  (Hct  x  10  z))  represented  the  number  of  cells  that  had  been  lysld. 


The  total  Hb  (Hbfc%)  represented  the  total  number  of  cells  if  no  cells  had  been 
lysed.  The  %H  was  the  ratio  of  these  two  values. 


%H 


Hb  %  (1  -  (Hct  x  10"2) ) 
s _ 

Hbt% 


x  100 


(15) 


Red  Blood  Cell  Indices 

Mean  cellular  volume  (MCV),  mean  cellular  Hb  ( MCH ) ,  and  mean  cellular  Hb 
concentration  (MCHC)  denote  average  morphological  characteristics  of  the  RBCs. 

Average  values:  80  -  924^ 


MCV 


(16) 


MCH 


Average  values:  27  -  31^ng 


(17) 


Hbt%  x  10 
RBC# 

Hbt%  x  100 

MCHC  =  - — -  Average  values:  32  -  36% 


(18) 


(All  average  values  obtained  from  Brown,  1976.) 

Hie  MCH  and  MCHC  values  reflected  any  potential  loss  of  cellular  Hb.  Hie  MCV 
value  was  used  to  observe  the  effect  of  a  treatment  on  cell  size. 

Metabolism 

Red  blood  cells  undergo  anaerobic  metabolism  to  break  glucose  down  to 
lactate  via  the  Embden-Meyerhof f  pathway  shown  in  Figure  3.  This  multi- 
stepped  process  produces  four  important  products: 

1.  Adenosine-5 ' -triphosphate  (ATP),  powering  the  sodium-potassium  pump 
and  maintaining  the  biconcave  shape  of  the  cell, 

2.  Reduced  nicotinamide  adenine  dinucleotide  (NADH),  reducing  oxidized 
Hb  back  into  its  functional  state, 

3.  Reduced  glutathione  (GSH),  also  maintaining  the  Hb  in  its  reduced, 
functional  state ,  and 

4.  2, 3-diphosphoglycerate  (2,3-DPG),  altering  the  oxygen  affinity  for  Hb 
to  accommodate  tissue  demand. 

Adenosine  triphosphate,  DPG,  and  GSH  were  directly  assayed  in  each  sample. 
Glucose  and  lactate  were  assayed  to  approximate  the  rate  of  glycolysis. 

The  concentration  of  methemoglobin  (metHb),  which  is  the  oxidized,  non¬ 
functional  form  of  Hb,  was  to  be  measured  to  monitor  the  effectiveness  of  GSH 
and  NADH.  However,  preliminary  attempts  to  assay  metHb  in  blood  samples 
(using  methods  described  by  Brown,  1976)  showed  a  strong  dependence  of  the 
measured  metHb  value  on  the  time  allowed  for  reaction.  Therefore,  metHb  mea¬ 
surements  were  eliminated  from  the  final  analysis.  Future  studies  may  employ 
this  measurement,  but  should  do  so  only  under  strict  timing  practices. 

Adenosine  triphosphate  was  assayed  using  T.  Bucher's  phosphorylation 
reaction  coupled  with  a  dephosphorylation/oxidation  reaction,  as  modified  by 
H.  Adams  in  1963  (Sigma  Chemical  Company,  1974b).  In  this  assay  procedure, 
ATP  acts  as  a  phosphate  donor  in  a  two  step  reaction  converting  NADH  to  NAD. 
Hie  decrease  in  absorbance  of  NADH  (measured  at  340  nm)  reflects  the  original 
ATP  concentration.  A  standard  curve  was  prepared  using  various  dilutions  of 
ATP.  Unknown  ATP  concentrations  were  read  from  this  curve  using  the  absorb¬ 
ancy  changes  produced  by  the  experimental  samples.  Average  ATP  values  in 
fresh  whole  blood  are  3.65  -  4.45  fimol/gHb  (sigma,  1974b). 

Hie  concentration  of  2,3-DPG  was  measured  using  the  same  dephosphory¬ 
lation/oxidation  reaction  as  the  ATP  assay,  but  using  2-phosphoglycolic  acid 
as  a  stimulator,  as  described  by  Lowry  in  1964  (Sigma  Chemical  Company, 


GLUCOSE 


ABBREVIATIONS 


A 

=  aldolase 

LDH 

-  lactic  dehydrogenase 

ADP 

=  adenine  diphosphate 

MPGM 

>  monophosphoglyceromu'ese 

ATP 

-  adenine  triphosphate 

NAO 

-  nicotinamide  adenine 

2,3-OPG 

~  2 ,3-diphosphoglycerate 

dinucleotide 

DPGM 

-  diphosphoglyceromutase 

NADH 

•  nicotinamide  adenine 

E 

-  enolase 

dinucleotide,  reduced 

GAPD 

•  glyceraldehyde  phosphate 

NADP 

-  nicotinamide  adenine 

dehydrogenase 

dinucleotide  phosphate 

G6PO 

•  glucose-6-phosphate 

PFK 

•  phosphofructokinase 

dehydrogenase 

PGK 

•  phosphoglycerate  kinase 

GR 

■  glutathione  reductase 

PHI 

-  phosphohexose  isomerase 

GSH 

-  reduced  glutathione 

PK 

-  pyruvate  kinase 

Hb++ 

«  hemoglobin  reduced 

TPI 

■  triose  phosphate  isomerase 

Hb+  +  + 

-  hemoglobin  oxidized 

Hx 

■  hexokinase 

Figure  3.  Glycolytic  pathway  of  the  red  blood  cell.  Shown  in  the  center  are  important  by-products, 
and  on  the  left,  the  necessary  enzymes. 
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1974a).  In  this  three  step  procedure  2,3-DPG  is  hydrolyzed  to  3-phospho- 
glycerate  (3-PGA).  This  latter  compound  is  phosphor y la ted  by  ATP  to  produce 
1 , 3-diphosphoglycerate  (1,3-DPG)  which  oxidizes  NADH.  The  decrease  in  NADH 
absorbance  at  340  nm  reflects  the  concentration  of  2,3-DPG  originally  present. 
Unknown  2,3-DPG  concentrations  were  read  from  a  standard  curve  which  was  pre¬ 
pared  using  known  2,3-DPG  concentrations.  Expected  concentrations  of  2,3-DPG 
in  fresh  whole  blood  range  from  10.5  to  16.2  ^mol/gHb  (Sigma,  1974a). 

Reduced  glutathione  reacts  with  5,5'-  Dithiobis-( 2-nitrobenzoic  acid) 
( DTNB)  to  form  oxidized  glutathione.  The  intensity  of  the  yellow  color  of  the 
oxidized  glutathione,  measured  at  412  nm,  indicates  the  concentration  of  GSH 
originally  present.  Blood  samples  from  units  15-19  were  tested  using  reagents 
in  kit  form  from  Princeton  Biomedix  Inc.,  while  samples  from  units  20-23  were 
tested  using  fresh  reagents  as  described  in  Beutler  et  al.,  1963.  Both  tech¬ 
niques  are  essentially  the  same,  using  the  above  reaction  to  produce  oxidized 
glutathione.  Unknown  GSH  concentrations  were  read  from  a  standard  curve  pre¬ 
pared  using  three  dilutions  of  GSH  (Biomedix  #500420).  Normal  values  of  GSH 
in  fresh  blood  range  from  78  to  116  mg/100  ml  RBC  (Princeton  Biomedix,  Inc, 
1976). 

Glucose  was  measured  by  Raabo  and  Terkildsen's  two  step  oxidation  reac¬ 
tion  initiated  by  glucose  and  forming  a  final  product  absorbing  at  450  nm 
(Sigma,  1976a).  Glucose  oxidase  converts  glucose  to  gluconic  acid  and  hydro¬ 
gen  peroxide  by  the  addition  of  oxygen  and  water.  The  hydrogen  peroxide 
oxidizes  o-dianisidine  to  a  product  absorbing  at  450  nm.  The  absorbancy  at 
this  wavelength  determines  the  initial  glucose  concentration.  A  standard  of  1 
mg  glucose /ml  was  run  with  each  sample.  The  glucose  concentration  of  the  sam¬ 
ple  was  calculated  by: 


Glucose  (mg/ 100  ml) 


Absorbance 


sample 


Absorbance 


x  100 


standard 


(19) 


A  calibration  curve  was  prepared  using  standard  glucose  solutions  ranging  from 
50  to  300  mg%  to  assure  linearity  of  the  reaction  at  high  glucose  concentra¬ 
tions.  The  normal  range  of  glucose  concentration  in  whole  blood  of  a  fasting 
adult  is  50  to  90  mg%  (Sigma,  1976a). 

Lactate  was  assayed  using  a  procedure  developed  in  1968  by  R.J.  Henry 
which  observes  the  conversion  of  lactate  to  pyruvate  with  subsequent  reduction 
of  nicotinamide  adeninine  dinucleotide  (NAD).  This  reaction  is  catalized  by 
lactate  dehydrogenase  (Sigma  Chemical  Company,  1976b).  The  increase  in  absor¬ 
bance  at  340  nm,  indicating  the  reduction  of  NAD  to  NADH,  is  proportional  to 
the  lactate  concentration.  The  actual  concentration  was  read  from  a  standard 
curve  prepared  from  five  dilutions  of  a  lactic  acid  standard.  The  normal 
range  for  lactate  in  fasting  venous  blood  is  0.3  to  1.3  mmol/liter  (Sigma, 
1976b) . 

Pyruvate  concentrations  were  determined  in  a  few  samples.  Pyruvate  was 
measured  using  the  reverse  of  the  above  reaction,  producing  lactate  and  NAD. 
The  decrease  in  absorbance  at  340  nm,  reflecting  the  oxidation  of  NADH  to  NAD, 
represents  the  initial  pyruvate  concentration.  A  standard  curve  was  prepared 


from  solutions  containing  known  pyruvate  concentrations .  Normal  values  of 
pyruvate  in  fasting  venous  blood  are  0.03-0.08  mmol/liter  (Sigma,  1976b). 
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Each  of  these  metabolic  indicators  was  assayed  and  the  pH  of  the  sample 
read  immediately  after  washing  the  cells  and  then  every  2  hours  up  to  6  hours 
post-wash.  The  values  for  glucose,  lactate,  pyruvate,  ATP,  2,3-DPG,  and  GSH 
were  recorded  per  gram  of  Hbc  to  normalize  the  data  for  different  cell  concen¬ 
trations  in  the  samples . 

Hie  hemoglobin-oxygen  dissociation  curve  was  measured  on  washed  samples 
from  units  22  and  23  to  determine  proper  oxygen  uptake  and  release  from  hemo¬ 
globin.  Hie  curves  were  generated  by  a  HEMO-O-SCAN  Oxygen  Dissociation  Ana¬ 
lyzer.  This  system  uses  a  dual-wavelength  spectrophotometer  to  monitor  oxy¬ 
hemoglobin  (oxyHb)  concentration,  and  a  Clark  oxygen  electrode  to  measure 
partial  pressure  of  oxygen  (pC>2).  The  resulting  dissociation  curve  is 
recorded  on  an  X-Y  recorder. 

For  the  actual  procedure,  a  2  /il  sample  of  blood  was  placed  on  a  cover 
glass  and  covered  with  a  gas  permeable  membrane.  Hie  resulting  thin  film  of 
blood  minimized  the  time  required  for  thorough  oxygenation.  Hie  sample  was 
placed  in  a  compartment  inside  the  HEMO-O-SCAN  analyzer  and  was  allowed  to 
equilibrate  to  a  high  humidity  at  37°C,  as  provided  by  the  flow  of  warmed 
water  around  the  compartment.  Equilibration  was  made  to  100%  oxyHb  with  a  25% 
0_,  N2  balance  gas  mixture.  Hie  X-Y  recorder  was  adjusted  to  mark  100%  oxyHb. 
This  equilibration  period  was  usually  used  to  bring  bicarbonate  buffered  sam¬ 
ples  to  a  partial  pressure  of  C02  at  40  mm  Hg.  Since  the  samples  in  these 
experiments  were  buffered  with  phosphate  buffers,  C02  gas  mixtures  were  not 
used.  After  equilibration,  the  sample  was  deoxygenated  by  purging  the  com¬ 
partment  with  100%  N2  for  5  minutes.  Hiese  0%  oxyHb  and  zero  pO_  points  were 
marked  on  the  X-Y  recorder.  Hie  surrounding  p02  was  then  gradually  increased 
by  addition  of  25%  02 ,  balance  gas,  and  the  corresponding  %oxyHb  recorded 
until  100%  oxyHb  was  achieved,  in  about  15  minutes.  P50  refers  to  the  pC>2 
required  to  produce  a  50%  oxyHb  fraction.  These  p50  values  were  measured  from 
the  curves  and  recorded. 

Contamination  studies  were  performed  on  0  and  6  hour  samples  from  units 
19  to  23.  A  0.5  ml  volume  of  blood  was  placed  in  a  sterile  10  cm  diameter 
petri  dish  by  sterile  pipette.  Tryptic  Soy  Agar  (Difco  Laboratories),  melted 
and  cooled  to  just  above  solidification  (30°C),  was  added  to  the  dish  to  leave 
about  a  1  cm  layer  of  agar.  The  blood  was  mixed  through  the  agar  by  swirling. 
This  mixture  was  then  incubated  at  37 °C  for  2  days  and  examined  for  bacterial 
colonies . 

STATISTICAL  TEST 

Hie  null  hypothesis  (Hq)  addressed  in  this  study  assumes  no  difference  in 
morphologic  and  metabolic  parameters  measured  between  microwave  and  water  bath 
thawed  blood  samples.  The  null  hypothesis  will  be  rejected  if  F  ratio  statis¬ 
tics  exceed  critical  values  at  the  P<0.05  significance  level.  In  cases  where 
H  is  rejected,  the  alternate  hypothesis  (that  a  significant  difference  in 
morphologic  and  metabolic  blood  parameters  did  exist)  will  be  adopted. 

A  two-way  analysis  of  variance  (ANOVA)  was  performed  on  a  Univac  1100 
computer  using  the  Statistical  Package  for  the  Social  Sciences  (Nie,  N.H.,  et 
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al.,  1975).  The  SPSS  statistical  treatment  assumed  a  fixed-effect  model  (the 
main  effects  tested  were  thawing  treatment  and  blood  units)  and  was  capable  of 
testing  experimental  models  with  unequal  cell  frequencies.  Three  ANOVA  test¬ 
ing  approaches  were  available  in  the  SPSS  software  package  where  data  with 
unequal  cell  frequencies  could  be  treated.  In  this  study,  the  classical 
approach  was  used.  This  approach  assumes  that  factors  do  not  have  a  known 
causal  order.  Interaction  effects  were  tested  first  and  if  these  were  not 
significant,  main  effects  were  subsequently  tested. 


RESULTS 


In  this  section,  data  are  shown  for  blood  samples  at  different  stages  in 
the  freeze-thaw  processing:  whRBC,  pRBC,  rRBC,  gRBC,  thRBC,  and  wRBC,  Sam¬ 
ples  from  eight  units  of  blood,  labelled  15,  17,  18,  19,  20,  21,  22,  and  23, 
were  analyzed  for  differences  in  microwave  versus  water  bath  thawing  in  this 
study.  Results  for  thRBCs  and  wRBCs  are  presented  showing  the  values  from 
each  unit  individually,  and  the  overall  average  value  from  all  eight  units  to 
determine  differences  in  the  thawing  method. 

FRESH  WHOLE  BLOOD 

Fresh  whole  blood  was  periodically  collected  (using  heparin  as  the  anti¬ 
coagulant)  from  volunteer  donors  to  determine  normal  ranges  in  our  laboratory 
for  each  of  the  testing  methods.  lhe  results  are  shown  in  Table  3.  The  data 
collected  from  these  tests  indicate  acceptable  testing  procedures  (i.e.,  the 
findings  fell  within  the  expected  normal  range). 

Note  that  the  units  used  in  Table  3  to  represent  fresh  whole  blood  values 
for  glucose,  lactate,  pyruvate,  ATP,  DPG,  and  GSH  were  not  used  in  further 
tables.  Because  of  the  varying  cell  concentrations  encountered  through  the 
freeze-thaw  processing,  the  units  for  the  metabolic  parameters  in  other  than 
fresh  whole  blood  were  standardized  for  the  amount  of  Hbc  in  the  sample. 

PACKED  RED  BLOOD  CELLS 

Packed  red  blood  cells  were  tested  for  morphologic  and  metabolic  charac¬ 
teristics.  These  values  are  shown  in  Table  4.  All  units  were  collected  in 
CPD.  As  mentioned  earlier,  two  units  (15  and  19)  were  obtained  fresh  (less 
than  6  days  old)  while  the  other  units  were  obtained  outdated  (greater  than  21 
days  old).  No  pRBC  data  were  collected  on  Unit  15.  Average  values  listed 

were  calculated  from  all  data  collected,  except  on  parameters  glucose,  lac¬ 

tate,  and  DPG.  Since  the  concentration  of  these  metabolites  is  highly  depen¬ 
dent  on  the  age  of  the  blood,  averages  are  expressed  for  outdated  units  only. 

As  expected,  a  difference  is  observed  between  the  fresh  and  outdated 
units  in  glucose  and  lactate  concentrations.  The  low  glucose  and  high  lactate 
in  the  outdated  units  reflect  the  occurrence  of  anaerobic  metabolism  during 
storage.  The  extremely  low  DPG  levels  in  outdated  units  indicate  the  effect 
of  low  pH  on  DPG  production.  Levels  of  DPG  have  been  previously  observed  to 
decrease  as  a  function  of  lowering  pH  (Wintch  and  James,  1977;  Valeri,  1975). 
These  near-zero  values,  combined  with  the  low  DPG  concentration  in  the  4  day 
old  unit,  exemplify  the  need  to  freeze  RBC  units  before  they  are  6  days  old. 

Both  ATP  and  GSH  concentrations  are  also  low  compared  to  normal  levels 

(3.65  to  4.45  jimol/gmHb  and  5.6  to  7.6  #imol/gmHb)  respectively,  Beutler  c. 
al.,  1963).  These  low  values  are  probably  due  to  a  low  pH  with  inhibited 
metabolism. 
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Table  3.  Fresh  whole  blood,  morphologic  and  metabolic  characteristics 
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Normal  ranges  mere  obtained  from  Brown,  1976. 

Normal  ranges  were  obtained  from  the  assay  kit  manufacturer's  studies  (see  text  for  manufacturer). 

Normal  ranges  listed  are  for  fasting  Individuals  and  were  obtained  from  the  assay  kit  manufacturer's  studies 


REJUVENATED  RED  BLOOD  CELLS 


Morphologic  and  metabolic  parameters  were  measured  on  outdated,  rejuve¬ 
nated  RBCs  and  are  presented  in  Table  5.  Metabolic  parameters  were  not  mea¬ 
sured  on  rejuvenated  units  17  and  18.  The  purpose  of  rejuvenation  was  to 
increase  the  DPG  levels  in  outdated  RBCs  from  almost  zero  to  at  least  100%  of 
normal.  This  increase  was  accomplished  in  the  outdated  units  studied,  as  indi¬ 
cated  in  Table  5.  In  addition  to  stimulating  DPG  production,  the  rejuvenation 
process  also  stimulated  ATP  and  GSH  production,  again  to  at  least  100%  of  nor¬ 
mal  levels.  Glucose  values  were  even  lower,  and  lactate  values  even  higher 
than  pRBC  values,  indicating  metabolic  activity  during  the  1  hour  of  rejuvena¬ 
tion.  The  cells  appear  to  have  decreased  slightly  in  size  during  rejuvenation 
as  shown  from  the  lower  MCV  values  and  higher  MCHC  values . 

GLYCEROLIZED  RED  BLOOD  CELLS 

Morphologic  measurements  were  made  on  freshly  glycerolized  red  blood 
cells  to  establish  pre-freeze  values  which  were  later  compared  to  post-thaw 

values.  Hie  gRBC  data  for  all  units  studied  are  shown  in  Table  6.  Many  of 

the  Hb  %  values  were  greater  than  0.4  gm%,  which  is  higher  than  expected. 
These  High  values  are  due  to  initially  high  Hb  percentages  in  the  pRBC  units, 
and  to  inadequate  mixing  of  the  blood  during  glycerolization.  (This  problem 
has  since  been  corrected.)  The  MCHC  values  are  within  normal  ranges,  indi¬ 
cating  no  change  in  cell  volume  due  to  the  exchange  of  water  for  glycerol 

inside  the  cell. 

Table  6.  Glyceralized  red  blood  cells,  morphologic  characteristics. 


%H 

Hb(% 

Hbs% 

Met 

Hb  % 

c 

MCHC 

(%) 

(gm%) 

<gm%) 

(%l 

(gm%) 

(%) 

Unit 

15 

0.1 

21.8 

0.8 

69.5 

21.6 

31.0 

17 

0.3 

16.0 

0.1 

47.5 

16.0 

33.6 

18 

0.9 

15.9 

0.3 

46.0 

15.8 

34.3 

19 

1.0 

16.6 

0.5 

66.0 

16.4 

24.9 

20 

0.5 

19.4 

0.3 

67.5 

19.3 

28.5 

21 

0.4 

18.7 

0.2 

66.0 

19.6 

29.7 

22 

2.5 

23.9 

1.8 

66.3 

23.3 

35.2 

23 

1.7 

21.9 

1.0 

63.0 

21.5 

34.1 

X 

0.9 

19.3 

0.6 

61.5 

19.2 

31.4 

THAWED  AND  WASHED  RED  BLOOD  CELLS 

Data  for  thawed  and  washed  RBCs  were  collected  from  several  samples  of 
each  of  the  eight  units  of  blood.  After  glycerolization,  each  unit  was  divid¬ 
ed  into  3.5  ml  samples  and  frozen.  All  samples  tested  from  a  specific  unit 


33 


had  the  same  pre-freeze  values  and  should  have  the  same  post-thaw  values  ex¬ 
cept  for  variations  due  to  the  thaw  procedure.  Half  of  the  samples  from  each 
unit  were  thawed  in  a  warm  water  bath,  while  half  were  thawed  with  microwave 
energy.  Groups  of  samples  were  then  manually  washed  and  incubated  for  6  hours 
to  test  for  metabolic  integrity.  Appendices  A  and  B  list  the  individual  unit 
averages  (data  of  all  samples  from  each  unit  combined)  for  all  parameters 
measured  immediately  post-thaw,  then  at  0,  2,  4,  and  6  hours  post-wash.  Aver¬ 
ages  are  first  listed  for  the  two  thawing  procedures  (WT  and  MT),  then  for  the 
two  procedures  combined.  Appendices  C  and  D  show  the  averages  from  the  com¬ 
bined  data  of  all  eight  units . 

Thawed  Red  Bood  Cells 

Currently,  the  acceptable  freeze-thaw  percent  recovery  in  blood  banks  is 
97.0%  or  greater.  As  shown  in  Appendices  A  and  B,  four  of  the  units  in  these 
experiments  had  unacceptable  average  percent  recoveries  (less  than  97%)  by 
clinical  standards.  These  low  recoveries  were  a  result  of  both  the  difference 
in  the  test  tube  sample  size  compared  to  the  full  size  units  used  clinically, 
and  the  glycerolization  problem  discussed  in  the  section,  "Glycerolized  Red 
Blood  Cells."  As  expected,  Hb  %  and  %H  values  increased  in  the  thawed  samples 
compared  to  the  pre-freeze  values  (Table  6).  Also  some  of  the  Hbt%  values 
increased,  for  reasons  that  are  unclear  at  this  time  (see  section  on  "Percent 
Recovery  (%R)." 

Hashed  Red  Blood  Cells 

The  zero  hour  %R  values  (Appendices)  were  low  due  to  the  manual  washing 
techniques  used  in  these  experiments.  Manual  washing  of  small  samples  caused 
more  RBC  manipulation,  longer  washing  times,  greater  variability  in  added 
volumes  of  wash  solution,  and  greater  variability  in  mixing  rates,  each  poten¬ 
tially  causing  lower  %R  values .  The  low  Hct  and  Hb^.%  values  at  zero  hour 
reflect  the  attempt  to  slow  down  metabolic  waste  product  build-up  (see  section 
on  "WASHING").  Due  to  the  high  osmolality  of  the  wash  solution,  the  cells 
were  smaller  than  average  in  size  at  zero  hour,  as  indicated  by  the  relatively 
high  MCHC  and  low  MCV  values .  The  MCH  values  were  normal . 

The  dc/dt  parameters  given  in  the  Appendices  refer  to  rates  calculated  to 
demonstrate  the  decrease  in  glucose  and  the  increase  in  lactate  over  time. 
The  data  for  zero  hour  is  the  change  in  concentration  of  either  glucose  or 
lactate  from  0  to  2  hours  post-wash,  divided  by  120  minutes.  The  data  for  2 
and  4  hours  are  for  the  rate  of  concentration  change  between  2  and  4  hours  and 
between  4  and  6  hours,  respectively.  And  the  data  for  6  hours  is  the  overall 
rate  of  change  between  0  and  6  hours  post-wash. 

Four  pairs  (WT  and  MT)  of  thawed  and  washed  samples  (two  each  from  Units 
22  and  23)  were  tested  for  proper  hemoglobin  function  at  0  hour  and  again  at  4 
hours  post-wash.  This  function  was  measured  by  producing  oxygen-dissociation 
curves  for  each  sample.  The  curves  for  a  4  hour,  WT  and  MT  sample  pair  are 
shown  in  Figure  4.  Table  7  lists  the  p50  values  from  each  curve.  This  value 
is  the  partial  pressure  of  oxygen  necessary  for  50%  of  the  Hb  to  be  oxygen 
saturated.  The  p50  increased  between  0  and  4  hours  for  both  WT  and  MT  sam¬ 
ples.  No  difference  was  apparent  in  p50  values  between  the  two  thawing 
methods. 


Table  7.  partial  pressure  (p50  in  mmHg) 
necessary  for  50%  saturation  of  WT-and  MT- 
RBC  samples  at  hour  0  and  hour  4  post-wash. 


UNIT  22 


UNIT  23 


8/7/80 
Hour  0 
4 

8/1 3/80 
Hour  0 
4 


28.0  26.0 
39.5  38.0 


28.0  30.0 

33.5  32.5 


8/14/80 


8/20/80 


32.0  29.5 

41.5  41.0 


42.0  42.0 

43.0  43.5 


Contamination  studies  were  conducted  on  samples  from  Units  1 9  through  23 
immediately  post-thaw,  at  zero  and  at  6  hours  post-wash.  Cultures  -with  five 
or  more  bacterial  colonies  per  0.5  ml  of  sample  were  considered  contaminated. 
The  data  from  any  sample  producing  more  than  five  colonies  was  discarded.  No 
bacterial  colonies  were  detected  immediately  post- thaw  or  at  0  hour.  No  more 
than  two  colonies  per  0.5  ml  of  RBC  sample  were  observed  at  6  hours  post-wash, 
one  sample  from  Unit  23  produced  9  colonies  at  6  hours,  invalidating  the  data 
from  this  sample,  and  causing  the  data  to  be  rejected  from  analysis. 

Statistical  Comparison 

A  comparison  of  microwave  versus  water  bath  thawed  RBCs  by  means  of  a  two 
way  ANOVA  test  is  shown  in  Table  8.  Interactive  effect  (dependency  of  a  dif¬ 
ference  observed  between  the  two  thawing  treatments  on  individual  units)  is 
indicated  by  a  '+'.  Significant  differences  in  thaw  treatment  (P  0.05)  are 
identified  in  the  table  by  an  asterisk  following  the  F  ratio. 


DISCUSSION 


STATISTICAL  ANALYSIS 

Two  significant  differences  (P<0.05)  between  MT-  and  WT-RBCs  were  ob¬ 
served  using  the  two  way  ANOVA  analysis  (Table  8).  The  average  freeze-thaw  %R 
for  MT-RBCs  (97.3%)  was  significantly  higher  than  the  average  freeze-thaw 
recovery  for  WT-RBCs  (96.6%).  In  support  of  this  difference,  a  significant 
difference  in  %H  was  also  observed  between  MT-RBCs  (3.8%)  and  WT-RBCs  (4.4%) 
immediately  post-thaw.  No  other  measured  parameters  immediately  after  thaw  or 
during  the  6  hour  incubation  period  showed  significant  differences. 
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The  observed  significant  differences  indicate  that  microwave  thawing  is 
less  damaging  to  RBCs  than  water  bath  thawing.  One  possible  reason  for  the 
increased  cell  survival  may  be  faster  thawing  times:  the  small  test  tube  RBC 
samples  required  approximately  90  seconds  of  microwave  heating  versus  5  min¬ 
utes  of  water  bath  heating.  Theoretically,  fast  thawing  has  the  same  advan¬ 
tages  as  fast  freezing,  as  discussed  in  "BACKGROUND."  Specifically,  fast 
passage  through  phase  change  should  minimize  both  the  recrystallization  of 
water  into  larger  ice  crystals  and  the  duration  of  protein  exposure  to  high 


salt  concentrations.  Unfortunately,  fast  microwave  thawing  of  full  units  of 
RBCs  is  not  as  easily  achieved  as  for  the  test  tube  samples.  Because  of  the 
greater  chance  for  localized  overheating  in  large  samples,  microwave  energy 
must  be  carefully,  and  therefore  slowly,  applied.  The  observed  improvement  in 
cellular  recovery  of  microwave  over  water  bath  thawed  test  tube  samples  will 
probably  not  be  extended  to  full  unit  samples. 

In  a  previous  analysis  using  a  slightly  smaller  sample  size,  Campbell  and 
Drewe  (1981)  reported  significant  differences  in  the  mean  glucose  concentra¬ 
tion  at  6  hours  post-wash,  and  in  the  rate  of  lactate  increases  between  4  and 
6  hours,  and  between  0  and  6  hours.  This  previous  study  utilized  a  two  sample 
comparison  of  means  test  (z  statistic)  in  which  all  data  from  the  individual 
blood  units  were  pooled .  By  combining  all  data  and  testing  for  differences 
between  microwave  and  water  bath  thaw  treatments,  the  variability  between  the 
blood  units  was  not  considered.  The  two  way  ANOVA  test  used  in  this  report 
takes  into  account  variability  between  samples  while  testing  for  differences 
between  the  thaw  methods.  The  ANOVA  design  is  therefore  considered  a  more 
reliable  test  for  thawing  differences  when  variations  between  units  are  pres¬ 


ent,  as  was  the  case  in  this  study. 

A  Bingle  instance  of  a  significant  (p<0.05)  interaction  between  the  thaw¬ 
ing  method  and  RBC  units  was  observed  for  the  4  hour  post-wash  GSH  concentra¬ 
tion.  This  instance  suggests  that  microwave  thawing  affected  individual  blood 
units  differently  with  respect  to  GSH  concentration  at  4  hours  post-wash.  A 
possible  cause  of  the  detected  interaction  may  have  been  the  wide  variation  in 
GSH  concentration  between  outdated-re juvena ted  and  fresh  samples.  However, 
the  significant  F  statistic  for  interaction  persisted  when  outdated- 
rejuvenated  samples  were  tested  alone.  A  possible  explanation  for  the  inter¬ 
action  might  be  microwave  influence  on  unit  specific  enzymes  or  biochemicals 
associated  with  GSH  production  or  degradation,  or  on  the  driving  force  of  GSH 
reactions.  For  example,  a  unit  specific  microwave  influence  on  the  concentra¬ 
tion  of  intracellular  oxidizing  agents  would  affect  each  unit's  GSH  production 
differently.  However,  since  no  significant  interaction  was  observed  in  GSH 
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concentration  at  0,  2,  and  6  hours,  and  since  no  other  supporting  interactions 
were  observed  in  other  measured  biochemicals,  the  observed  interaction  at  4 
hours  is  probably  in  error.  Because  of  the  calculated  interaction  signifi¬ 
cance,  the  F  statistic  for  thawing  method  differences  could  not  be  calculated. 
The  difference  between  thaw  methods  for  GSH  at  4  hour  post-wash,  however,  is 
assumed  insignificant. 

TIME  STUDIES 

The  major  question  addressed  by  this  research,  does  microwave  thawing 
affect  RBC  biochemistry,  has  been  answered  in  the  above  section.  Information 
regarding  changes  in  post-thaw  RBC  biochemistry  over  time  was  also  obtained 
from  the  experimental  data,  and  is  discussed  in  this  section.  For  this  time 
analysis,  MT  and  WT  samples  were  combined.  Data  from  fresh-frozen  samples  was 
separated  from  the  data  of  rejuvenated-frozen  samples  to  observe  the  effect  of 
rejuvenation  on  RBC  metabolism. 

Morphologic  Parameters  Over  Time 

Total  Hb,  Hct ,  MCV,  MCH,  and  MCHC  remained  constant  during  the  zero  to  6 
hour  post-thaw  testing  period.  As  expected,  Hb  %  and  %H  both  progressively  in¬ 
creased  over  the  6  hours  of  study.  Hie  MCV  values  remained  lower  than  normal 
and  MCHC  values  remained  higher  than  normal,  due  to  the  slight  hyperosmolality 
of  the  suspending  medium. 

Metabolic  Parameters  Over  Time 

Measuring  the  metabolic  activity  of  RBCs  aids  in  the  prediction  of  in 
vivo  survival  and  function.  Metabolic  activity  was  estimated  by  the  cell's 
ability  to  produce  ATP,  2,3-DPG,  and  GSH,  and  by  the  decrease  in  glucose  and 
increase  in  lactate  concentration  over  time. 

Adenosine  Triphosphate.  Four  moles  of  ATP  are  produced  for  each  mole  of 
glucose  metabolized  by  the  RBC.  Since  two  moles  of  ATP  are  used  in  the  gly¬ 
colytic  reaction,  a  net  production  of  two  moles  of  ATP  per  mole  of  glucose 
occurs.  This  ATP  provides  the  cell  with  the  energy  needed  to  operate  the 
Na  /K  pump,  to  maintain  normal  intracellular  cation  concentrations,  and  to 
keep  the  RBC  membrane  intact  (Rapaport,  1971). 

The  average  post-thaw  (MT  and  WT  data  combined)  values  of  ATP  for  fresh 
and  rejuvenated  RBCs  remained  constant  over  6  hours  post-wash  (see  Figure  5), 
indicating  adequate  maintenance  of  zero-hour  ATP  concentrations.  Rejuvenated 
RBC  values  were  greater  than  fresh  RBC  values,  demonstrating  the  advantage  of 
the  pre-freeze  rejuvenation  process.  Valeri  and  Zaroulis  (1972)  reported  a 
direct  correlation  of  pre-transfusion  ATP  levels  to  post-transfusion  survival 
of  RBCs.  The  rejuvenated  cells  then,  because  of  their  initially  high  ATP  con¬ 
centration,  and  their  ability  to  maintain  this  concentration  (at  least  over 
short  periods  of  time),  would  be  clinically  more  effective  in  transfusion 
therapy. 


2, 3-Diphosphoglycerate.  One  Hb  molecule,  composed  of  four  peptide  chains 


(two  a  chains  and  two  P  chains)  carries  four  molecules  of  oxygen.  As  Hb  be¬ 
gins  to  give  up  oxygen,  the  chains  move  apart  slightly,  leaving  a  gap  into 


which  a  2,3-DPG  molecule  will  enter  and  bind  (Rapaport,  1971).  Hie  reaction 
between  Hb  and  2,3-DPG  may  be  considered: 

HbO  +  2,3-DPG  —  Hb- 2,3-DPG  +  0  (Ganog,  1977) 

£  ^ 

Thus,  2,3-DPG  aids  in  releasing  oxygen  from  Hb. 

Figure  6  illustrates  the  effect  of  2,3-DPG  on  the  oxygen  dissociation 
curve  for  whole  blood.  DPG  depleted  blood  is  represented  by  Curve  1,  normal 
DPG  levels  by  Curve  2,  and  elevated  DPG  levels  by  Curve  3.  Hie  difference  Aa 
is  the  increased  oxygen  release  from  RBCs  with  elevated  DPG  levels  over  RBCs 
with  normal  DPG  levels  at  a  partial  pressure  of  oxygen  of  40  mm  Hg.  Increased 
DPG  levels  then  decrease  the  oxygen  affinity  for  Hb,  shifting  the  curve  to  the 
right.  Hie  difference  (Ab)  is  the  decreased  oxygen  release  of  DPG  depleted 
cells  to  tissues  with  40  mm  Hg  oxygen.  Low  DPG  levels  then  increase  oxygen 
affinity,  and  shift  the  curve  to  the  left. 

The  oxygen  transport  function  of  RBCs  is  especially  critical  during  the 
first  4  to  8  hours  post-transfusion  (Valeri  et  al.,  1977).  Several  hours  are 
required  to  replenish  DPG  levels  to  normal  in  DPG  depleted  cells  in  vivo 
(Rapaport,  1971).  Therefore,  RBCs  with  low  DPG  levels  (and  cells  with  de¬ 
creased  ability  to  produce  DPG)  should  not  be  transfused  in  hemorrhagic  or 
septic  shock  patients,  anemic  patients  with  myocardial  or  cerebrovascular 
insufficiency,  nor  patients  subjected  to  extracorporeal  circulation  during 
cardiac  surgery  (Valeri,  1976). 

Figure  7  shows  the  decrease  in  DPG  concentration  over  time  in  both  fresh 
and  outdated-rejuvenated  RBCs.  As  can  be  seen,  the  rejuvenated  cells  again 
have  elevated  concentrations  due  to  the  rejuvenation  process.  The  decrease  in 
DPG  over  time  is  probably  due  to  enzyme  inhibition  at  pH  values  less  than  7.4 
(Wintch  and  James,  1977).  As  can  be  seen  in  Figure  8,  the  pH  also  decreased 
over  time,  passing  the  7.4  mark  between  zero  and  2  hours  post-wash. 

Reduced  Glutathione .  About  10%  of  the  RBC's  glucose  is  used  in  the  hex- 
ose  monophosphate  shunt  to  produce  reduced  nicotinamide  adenine  dinucleotide 
phosphate  (NADPH)  which  is  needed  to  reduce  glutathione  to  GSH  (Rapaport, 
1971).  Heinz  bodies  (precipitations  in  the  Hb  molecule  due  to  te  formation  of 
sulfhydryl  bridges  between  the  chains )  are  formed  when  GSH  concentrations  are 
low  (Heimpel,  1970).  These  Heinz  bodies  increase  the  rigidity  of  the  cell, 
causing  it  to  be  removed  from  circulation  by  the  spleen.  Reduced  glutathione 
also  protects  the  Hb  from  oxidative  denaturation  to  metHb  by  hydrogen  peroxide 
(Rapaport,  1971;  Blum,  1970). 

GSH  levels  remained  constant  throughout  the  6  hours  of  study  (Figure  9). 
Again,  outdated-rejuvenated  cells  showed  higher  GSH  values  due  to  the  rejuve¬ 
nation  process.  The  relatively  constant  values  over  time  indicate  that  the 
cells  were  not  under  oxidative  stress  which  would  have  decreased  the  stock¬ 
piled  GSH  in  the  outdated-rejuvenated  cells.  The  GSH  production  apparently  is 
not  as  influenced  by  pH  as  is  DPG  production. 

Metabolic  Rate.  Almost  all  of  the  glucose  in  RBC  metabolism  ^  converted 
to  lactate  —  one  mole  of  glucose  is  converted  to  two  moles  of  lactate  (Turner, 
1970).  The  ratio  of  the  rate  of  increase  of  lactate  to  the  rate  of  decrease 
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Figure  8.  Changes  in  pH  over  the  6  hours  post-wash. 
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Figure  9.  Changes  in  GSH  concentration  over  the  6  hours  post-wash. 


of  glucose  should  be  two  to  one  if  all  glucose  is  converted  to  lactate.  How¬ 
ever,  sane  of  the  glucose  is  used  in  the  hexose  monophosphate  shunt  to  keep 
glutathione  reduced,  so  this  ratio  should  actually  be  slightly  less  than  two, 
depending  on  the  cellular  need  for  GSH. 

Figures  10  and  11  represent  the  decreasing  glucose  concentration  and 
increasing  lactate  concentration,  respectively,  over  time.  The  lactate/ 
glucose  ratio  is  slightly  less  than  two,  as  expected.  Metabolic  activity 
appears  to  have  continued  at  a  constant  rate  (note  the  slope  of  the  lines) 
throughout  the  6  hours  of  study,  regardless  of  the  lowering  pH.  No  apparent 
difference  was  observed  in  metabolic  rate  between  fresh  and  outdated- 
re  juvena  ted  cells. 

Preliminary  studies  (Campbell  and  Drewe,  1981)  indicated  a  possible 
microwave-induced  slowdown  in  metabolism  (see  STATISTICS).  Therefore,  samples 
in  this  study  were  analyzed  for  pyruvate  to  determine  if  the  slowdown  was 
occurring  at  the  pyruvate-to- lactate  step  in  the  metabolic  process.  Using  the 
ANOVA  analysis  and  a  larger  sample  size,  no  microwave-induced  slowdown  in 
metabolism  was  observed  in  either  glucose  decrease,  lactate  increase,  or  pyru¬ 
vate  production.  Therefore,  the  initial  purpose  for  studying  pyruvate  was  no 
longer  relevant.  The  changing  pyruvate  concentration  over  time,  however,  may 
be  of  interest  and  is  shown  in  Figure  12.  Pyruvate  determinations  were  only 
made  on  units  studied  toward  the  end  of  the  data  collection  period,  and  there¬ 
fore  were  only  made  on  outdated-re juvena ted  cells. 

Pyruvate  concentrations  increased  dramatically  towards  the  end  of  the  6 
hour  incubation  period.  This  increase  probably  does  not  reflect  an  increase 
in  pyruvate  production,  but  rather  a  decrease  in  pyruvate  degradation.  The 
RBC'8  anaerobic  metabolism  converts  glucose,  through  several  intermediate  bio¬ 
chemicals,  to  lactate.  The  last  intermediate  is  pyruvate  which  is  converted 
to  lactate  by  the  enzyme  lactate  dehydrogenase  ( LDH ) .  Actually,  this  reaction 
is  bidirectional  and  in  an  equilibrium  controlled  by  both  the  LDH  enzyme,  and 
pyruvate  and  lactate  concentrations. 

pyruvate  +  NADH  +  H+  lactate  +  NAD+  (Lehninger,  1977) 

The  large  increase  in  pyruvate  observed  at  6  hours  post-wash  was  most 
likely  due  to  the  large  lactate  concentrations  at  that  time,  and/or  a  pH 
effect  on  the  LDH  enzyme. 

pH.  The  change  in  pH  over  the  6  hours  of  study  is  indicated  in  Figure  8. 
Since  lactate  concentrations  increased  over  time,  expectedly  the  pH  decreased. 
The  influence  of  the  lowering  pH  has  already  been  discussed  with  respect  to 
the  DPG  decrease  and  the  pyruvate  increase.  The  pH  level  also  has  a  strong 
influence  on  oxygen  affinity  for  Hb,  in  what  is  termed  the  Bohr  effect.  As 
the  pH  falls,  oxygen  affinity  decreases  (right  shjift  of  the  dissociation 
curve)  due  to  the  fact  that  deoxyhemoglobin  binds  H  more  readily  than  does 
oxyhemoglobin.  In  tissues,  the  primary  factor  for  the  release  of  oxygen  from 
the  hemoglobin  molecule  is  a  low  pO~»  'Hie  Bohr  effect,  however,  can  contrib¬ 
ute  an  additional  1-2%  unsaturation  iGanong,  1977). 

Table  8  shows  that  p50  values  increased  between  0  and  4  hours  post-wash, 
indicating  a  right  shift  of  the  dissociation  curve.  The  decrease  in  DPG 
levels  over  time  should  have  caused  a  left  shift  of  the  curve,  therefore  this 
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Figure  10.  Changes  in  glucose  concentration  over  the  6  hours  post-wash. 
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apparent  decrease  in  oxygen  affinity  must  be  another  influence  of  the  lowering 
pH. 

CONCLUSION 


Microwave  thawing  of  RBCs  does  not  appear  to  jeopardize  the  clinical  use 
of  frozen-thawed  RBCs  in  transfusion  therapy.  The  microwave  thawed  cells  sur¬ 
vived  the  freeze-thaw  and  wash  procedures  as  well  as  (or  better  than)  water 
bath  thawed  cells.  The  oxygen  carrying  function  and  the  representative  cel¬ 
lular  metabolic  processes  remained  intact.  Future  studies  should  be  directed 
towards  development  and  testing  of  a  microwave  thawing  system  for  full  units 
of  RBCs . 
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15.4  22.0  21.5  27.4  10.8  9.0  9.1  15.5 


12  8  16  14  12  12  8  2 
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35.4  42.1  47.0  49.2  33.2  26.8  32.0  39.3 
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